We study ionic current fluctuations in solid-state nanopores over a wide frequency range and present a complete description of the noise characteristics. At low frequencies ( f Շ 100 Hz) we observe 1/f-type of noise. We analyze this low-frequency noise at different salt concentrations and find that the noise power remarkably scales linearly with the inverse number of charge carriers, in agreement with Hooge's relation. We find a Hooge parameter ␣ ‫؍‬ (1.1 ؎ 0.1) ؋ 10 ؊4 . In the high-frequency regime ( f տ 1 kHz), we can model the increase in current power spectral density with frequency through a calculation of the Johnson noise. Finally, we use these results to compute the signal-to-noise ratio for DNA translocation for different salt concentrations and nanopore diameters, yielding the parameters for optimal detection efficiency.
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N
anometer-sized pores can be used as versatile sensors for single biomolecules such as DNA, RNA, or proteins. The charged molecules are electrophoretically driven through the nanopore, resulting in temporal changes of the ionic current. The technique was first demonstrated by measuring the passage of DNA and RNA through the protein pore ␣-hemolysin (1). More recently, solid-state nanopores were developed and used to measure the traversal of polynucleotides (2) . These translocation experiments have already addressed a wide range of interesting properties of nucleic acids (3) . Fabricated solid-state nanopores have obvious advantages over their biological counterparts, such as high stability, adjustable geometry, and surface properties, and the potential of integration into devices. However, to date, they have been accompanied by a large variability in low-frequency noise, which limits their sensitivity and reliability (4, 5) . Studies of the ionic current noise can provide detailed information on dynamic processes occuring in the nanoscale volume of a single nanopore, and can help to improve and optimize nanopore characteristics. In protein pores, the protonation of ionization sites (6) , the transport of sugars (7) (8) (9) (10) , ATP (11) , and antibiotic molecules (12) , and the conformational dynamics of protein pores (13) were all detected by studying ionic current fluctuations. On fabricated nanopores, only a few noise studies were performed so far, which related an increased low-frequency noise to the motion of polymeric subunits constituting the channel walls (14) , and to the presence of nanometer-sized bubbles (nanobubbles) inside the nanopore (5) .
In this article, we present a complete picture of the current noise of fabricated solid-state nanopores by addressing both the low-and high-frequency regimes. We first give a brief overview of the general characteristics of our nanopores, showing a linear current-voltage (I-V) relation with resistance values that can vary significantly from pore-to-pore. We compare current-time traces and power spectra of illustrative nanopores of similar diameter but substantially different resistance, and we find that, whereas the high-frequency noise is of comparable magnitude, the low-frequency 1/f noise can be dramatically different. We show that the high-frequency current power spectral density is well described by the Johnson noise in our electrical circuit. Subsequently, we study the low-frequency 1/f noise in nanopores with resistance values that fit the nanopore geometry, and we identify that this noise can be related to the number of charge carriers, as described by the Hooge relation. We conclude by using our results in a calculation of the signal-to-noise ratio of DNA translocation through these solid-state nanopores. Surprisingly, we find that large nanopores (d pore Ͼ 20 nm) have improved signal-to-noise ratios in low-salt compared to high-salt regimes.
Results
General Nanopore Characteristics. Fig. 1a shows an example of I-V measurements at 1 M KCl of six individual nanopores with different diameters (Fig. 1a Inset shows a transmission electron micrograph of a 15.6 nm diameter pore). In all experiments, the I-V curves display a linear relationship. Linear fits to the data yield the value of the nanopore resistance, and the resistance of 28 individual nanopores as a function of diameter is plotted in Fig. 1b . As the nanopore diameter is increased from 3.7 to 51.0 nm, the resistance decreases from 480 to 3.5 M⍀. The measured resistance values show significant pore-to-pore variations, which we interpret as increases of the nanopore resistance from the resistance values expected by geometry. The red solid line shows the expected resistance of a 25-nm-long cylinder that scales as 1/d pore 2 , where d pore is the nanopore diameter (15) . Although it coincides with some data points, many nanopores also exhibit a higher resistance. Nanopores with a large resistance value compared to the resistance of the cylinder (Ն2.5ϫ) are shown in gray. Fig. 1c shows current traces and histograms of two representative nanopores of similar (Ϸ21 nm) diameter, which differ substantially in resistance. Their resistance values can be deduced from the differing currents as 9.1 and 34.7 M⍀, where the higher resistance value is large compared to the expected resistance of 4.7 M⍀ for a 25-nm-long cylinder. Both traces are recorded at an applied voltage of 100 mV and low-pass filtered at 10, and 1 kHz, as indicated. The 10-kHz filtered current traces (black and grey data in Fig. 1c) show strong differences in current noise, which is reflected in the width of their current histograms. The standard deviation of the current is 22.6 and 78.6 pA, for the black and grey traces, respectively. These differences become even more evident for the traces filtered at 1 kHz (red and blue data in Fig. 1c) . From a comparison of the black and red current traces, it is apparent that the current noise is greatly reduced upon additional filtering. However, the 1-kHz filtered blue trace displays hardly any reduction of the large current fluctuations and width of the current histogram compared to the 10-kHz filtered grey trace. Indeed, upon filtering, the standard deviation of the current at 1 kHz decreases to 3.6 and 70.6 pA for the red and blue traces, respectively. We conclude that the current fluctuations of the nanopore with the large resistance (bottom traces) can be attributed to excessive low-frequency noise, as is also evident from the current power spectral densities shown in Fig. 1d . At frequencies below 200 Hz, both traces display 1/f-type of noise, which differs by nearly 3 orders of magnitude. The black trace displays 1/f noise up to Ϸ200 Hz, followed by an increase in current power spectral density up to Ϸ15 kHz, and ending with a relative flat region before filter attenuation. For the grey trace, 1/f noise dominates the current power spectral density up to frequencies of Ϸ2 kHz. At higher frequencies, the power spectrum appears flat until its attenuation by the low-pass frequency filter. Notice that, although the measured low-frequency noise is very different, the high-frequency noise of the nanopores in Fig.  1d is quite comparable.
The differences in low-frequency 1/f noise dramatically affect the current-time characteristics of these nanopores. In general, the magnitude of the 1/f noise shows strong pore-to-pore variations, with excessive low-frequency noise for nanopores with relatively high resistance values (grey data points in Fig. 1b) . Here, we study the low-frequency noise for nanopores with resistances close to the values as expected from the nanopore geometry. For completeness, the low-frequency noise data of all nanopores is presented in the supporting information (SI) Text and SI Figs. 5-9.
Modeling the High-Frequency Current Noise. We model the highfrequency current power spectral density in our nanopore setup by a calculation of the Johnson noise (16) . For details on the calculations and fits performed in this section, see SI Text. Taking the amplifier configuration into account, the current power spectral density can be calculated from the nanopore admittance Y s (17) . The nanopore is equivalent to a resistor R p , in parallel with a capacitor C p resulting from the liquid contact to the silicon chip containing the nanopore. We account for the nonideal behavior of this capacitor by inclusion of an admittance Y ϭ C p D in parallel with C p , with D denoting the dielectric loss constant. The circuit is in series with a resistor R c that represents the (relatively small) resistance from the electrodes to the nanopore. To determine Y s , we apply a voltage step to our nanopore sample and measure the current response. Fig. 2a shows the current of a 15.6-nm-diameter nanopore before (t Ͻ 0) and after (t Ն 0) a 4-mV voltage step. We first assume D ϭ 0 and extract the values of C p and R c by fitting the expected current response to the data, as shown by the red line in Fig. 2a . We obtain C p ϭ 368 Ϯ 7 pF and R c ϭ 54.4 Ϯ 0.1 k⍀. These values correspond to independently determined values of C p on membranes that do not contain nanopores, and values of R c measured without a nanopore sample present. The resistance R p is obtained from a dc current-voltage measurement, such as shown in Fig. 1a , yielding R p ϭ 67 Ϯ 2 M⍀ for the nanopore used. The value of the dielectric loss constant can now be determined from a closer inspection of the current response at long time scales. Fig. 2b shows the current response to the applied voltage step from t ϭ 0 to t ϭ 10 4 s on a logarithmic scale. After an initial decrease, the current does not attain a steady-state value but continues to decrease up to 10 4 s (equivalent to 500 R c C p ). A fit of an ideal capacitor's response to the data is shown by the red line, which clearly fails to give a valid description for t Ͼ 50 s. Alternatively, the current response at long time scales (t Ͼ 40 R c C p ) can be well described by Curie's law, which allows for a determination of the dielectric loss constant D (18) . The blue line of Fig. 2b shows the best fit to the data for t Ͼ 40R c C p . We obtain D ϭ 0.27 Ϯ 0.07, strongly deviating from D ϭ 0 of an ideal capacitor. § § The nonideal capacitor, Cp, can also be described only in terms of the model constants n and h as obtained from the best fit to Curie's law. The current power spectral density resulting from the use of these values is comparable to the calculated spectrum shown in Fig. 2c . Having determined the values of all components of the nanopore admittance Y s , we can now calculate the current power spectral density and compare it to the measured values. Fig. 2c shows the spectral density of the 15.6-nm-diameter nanopore in black. The calculated power spectral density is shown by the red solid line. For comparison, the effect of the filter used is taken into account. The modeled current power spectral density is flat at low frequencies, corresponding to the Johnson noise of the resistor R p ϩ R c Ϸ R p , followed by an increase due to the capacitance C p , and finally reaching again a constant value, given by the Johnson noise of the resistor R c alone. For high-frequency values (Ͼ20 kHz), the calculated spectrum decreases due to the filter cutoff. The model of the current power spectral density gives a good description of the data at frequencies Ͼ300 Hz. For lower frequencies, the measured power spectrum cannot be modeled, because it is not possible to a priori calculate the 1/f noise. Addition of the measured low-frequency noise to the calculated power spectrum yields the red dotted line of Fig. 2c , resulting in an excellent description of the data over the whole frequency range.
Low-Frequency 1/f Noise in Nanopores.
We now turn to analyze the low-frequency 1/f noise in our solid-state nanopores. The nanopores analyzed have resistance values close to those expected from geometry. According to Hooge's phenomenological relation for low-frequency 1/f noise, the noise power, A, should scale inversely with the number of charge carriers N c (19) :
where S I is the current power spectral density, I is the current, f is the frequency, and ␣ denotes the Hooge parameter, which quantifies the amount of low-frequency noise. ¶ We tested this relation by measuring the low-frequency noise of individual nanopores at different salt concentrations, because this is a means of varying N c . S I /I 2 at low frequencies of a single nanopore at five different salt concentrations. All traces show 1/f-type of noise behavior, with variations up to 2 orders of magnitude. The data were fitted, using S I /I 2 ϭ A/f, as shown by the solid lines in Fig. 3a . As the salt concentration is increased, the value of the noise power decreases, with values of A ranging from 6.4 ϫ 10 Ϫ6 to 5.0 ϫ 10 Ϫ8 . Fig. 3b shows the conductance and noise power of three individual nanopores measured at salt concentrations from 1 mM up to 1 M. We observe that the conductance strongly increases as the salt concentration is increased (black points in Fig. 3b ), but that the noise power shows a strong decrease (red points in Fig.  3b) . The conductance does not show a linear dependence on potassium chloride concentration, due to the salt-dependent surface charge of the nanopore (15) .
We now model the conductance in our nanopores to obtain a value for the number of charge carriers N c and subsequently use this value to validate the use of Eq. 1. The black line in Fig. 3b shows the conductance assuming a cylindrical nanopore geometry and the salt-dependent surface charge as given in ref. 15 , which gives a good description of the data. From this we extract the number of ions in our nanopores N c at each salt concentration. The red solid line now shows the best fit of the noise power A ϭ ␣/N c to the data, using Eq. 1 with one fitting parameter (␣) only. We find a value of ␣ ϭ (1.1 Ϯ 0.1) ϫ 10 Ϫ4 , close to typical values found for electronic devices (20) . The model describes the variation in noise power over the whole salt range remarkably well. Fig. 3 c and d shows different representations of the same data. Fig. 3c presents the noise power as a function of the calculated inverse number of charge carriers, showing the linear scaling (black line), in accordance with Hooge's relation. Fig. 3d shows the product of the noise power and the number of charge carriers, yielding a constant value of the Hooge parameter over the entire salt concentration probed. In conclusion, a variation of the noise power A in terms of a variation in the number of charge carriers N c , gives an excellent description of the data.
Signal-to-Noise Ratio for DNA Translocation. Having fully characterized the current noise in the low-and high-frequency regime, we now turn to the signal-to-noise ratio (SNR) for DNA translocation. The SNR is calculated as a function of salt concentration, yielding an optimal range for DNA translocation experiments. The SNR is defined as
where I noise,RMS is the root-mean-square current noise, and ͉⌬I͉ is the absolute current change due to DNA translocation. Note that I noise,RMS equals the square root of the integral of the lowand high-frequency current power spectral densities, I noise,RMS ϭ (͐ 0 BW S I df) 1/2 , where BW is the bandwidth. Here we will consider low-frequency 1/f-type of noise with ␣ ϭ (1.1 Ϯ 0.1) ϫ 10 Ϫ4 , as determined above. The current power spectral density S I at each salt concentration can then be calculated by using Eq. 1. The high-frequency current power spectral density follows from a calculation of the Johnson noise, with the value of Y s depending on the salt concentration. The DNA induced current change ⌬I was experimentally measured before (15) , and found to be linearly proportional to the salt concentration, with DNA translocation resulting in either decreases ([KCl] Ͼ 0.4 M) or increases ([KCl] Ͻ 0.4 M) of the ionic current. We assume the current change to be fully detectable at the used bandwidth of 10 kHz, which is valid for long (տ5 kbp) DNA molecules (for SNR calculations at 100 kHz, see SI Text). Possible effects at very low salt concentrations, such as Debye layer overlap and changes in the number of condensed counter-ions have not been considered. 
Discussion and Conclusions
We have investigated the ionic current noise in our fabricated solid-state nanopores. The high-frequency noise can successfully be modeled by a calculation of the Johnson noise using a simple electrical circuit representation. The capacitance, which stems from the liquid contact to the silicon chip containing the nanopore, and the relative small resistance from the electrodes to the nanopore determine the current noise in the highfrequency regime. In the low-frequency regime, we measure a 1/f-type of noise behavior, which reflects the properties of our nanopores.
This noise power is found to vary from pore to pore, which results in dramatic differences in current-time characteristics. Nanopores with relatively high resistance values show excessive low-frequency 1/f-noise. This agrees well with the previously proposed presence of nanobubbles, which can account for the observed low-frequency noise increase of partially blocked nanopores (5). For nanopores with resistance values that correspond to the nanopore geometry, we show that the low-frequency 1/f noise behaves according to Hooge's phenomenological relation. These nanopores exhibit a linear scaling of the noise power with the inverse number of charge carriers, as is observed in many condensed-matter systems (20) . This behavior may also explain the unexpected scaling of the noise power with the inverse of the conductance found for biological pores (21) . For our solid-state nanopores, we obtain a Hooge parameter of ␣ ϭ (1.1 Ϯ 0.1) ϫ 10 Ϫ4 . The results obtained offer a good description of the noise in our solid-state nanopores over the whole frequency range. They not only enable us to improve on characteristics of partially blocked nanopores by addressing their surface properties (4, 22) , but also provide means to design and optimize nanopore experiments where the translocation of DNA is probed. As an illustration, we have shown that DNA translocation events are even detectable for nanopores with diameters as large as 100 nm, provided that measurements are performed at low salt concentrations (Ϸ1 mM KCl).
Materials and Methods
Single solid-state nanopores are fabricated in thin 20-nm low-stress SiN membranes. Most membranes were covered by 10 -20 nm sputtered SiO2 on each side. Formation of a nanopore results from the exposure of the membrane to a tightly focussed electron beam using a transmission electron microscope (TEM) (23) . The resulting nanopores can be imaged directly in the TEM, as shown in Fig. 1a Inset. Details of the fabrication process are described in ref. 24 . In our experiments, nanopores with diameters between 3.7 and 51.0 nm are used. Before use, the nanopores are either exposed to an oxygen flow at elevated temperatures (300, 600, or 900°C), flushed with ethanol, or subjected to an oxygen plasma. The pretreatment removes organic contaminants and enhances the hydrophilicity of the surface. The different pretreatments did not yield systematic differences for the nanopore resistance or noise. Nanopores were mounted in the setup using a microfluidic flow cell. Solutions are prepared by adding Milli-Q filtered water (Millipore) to a stock solution of 1 M KCl with 10 mM Tris⅐HCl buffer at pH ϭ 7.5. Ionic currents are detected by Ag/AgCl electrodes, connected to an amplifier operating in resistive feedback mode (Axopatch 200B, Axon Instruments). The currents are low-pass filtered using an external 8-pole Bessel filter, with a cutoff frequency of 49.9 kHz. The signal is digitized at 250 or 500 kHz. Power spectra result from Ϸ2 s of current recordings using Labview (National Instruments). The data are smoothed by averaging over an increasing number of nearest neighbor points. All calculations presented are performed using a cylindrical nanopore, with a length of Lpore ϭ 25 nm, and surface charge values from ref. 15 . The values of the amplifier configuration are given by R f ϭ 500 M⍀, Cf ϭ 1 pF, ia ϭ 3.2 ϫ 10 Ϫ30 A 2 /Hz and ea ϭ 9 ϫ 10 Ϫ18 V 2 /Hz. For the calculation of the current power spectral density of our nanopore sample, we use e a ϭ 6 ϫ 10 Ϫ16 V 2 /Hz, a value that is relatively high compared to the expected performance of the amplifier. This is likely to be the result of an overestimation of the value of R c. The SNR is calculated by using an applied voltage of 100 mV, and C p ϭ 30 pF with D ϭ 2.7 ϫ 10 Ϫ1 . Integration of the current power spectrum is performed from 0.5 Hz.
